Fishes generate force to swim by activating muscles on either side of their flexible bodies. To 28 accelerate, they must produce higher muscle forces, which leads to higher reaction forces back 29 on their bodies from the environment. If their bodies are too flexible, the forces during 30 acceleration cannot be transmitted effectively to the environment. Here, we investigate whether 31 fish can use their red muscle to stiffen their bodies during acceleration. We used high-speed 32 video, electromyographic recordings, and a new digital inertial measurement unit to quantify 33 body kinematics, red muscle activity, and 3D orientation and centre of mass acceleration during 34 forward accelerations and steady swimming over several speeds. During acceleration, fish co-35 activated anterior muscle on the left and right side, and activated all muscle sooner and kept it 36 active for a larger fraction of the tail beat cycle. These activity patterns are consistent with our 37 hypothesis that fish use their red muscle to stiffen their bodies during acceleration. We suggest 38 that during impulsive movements, flexible organisms like fishes can use their muscles not only 39 to generate propulsive power but to tune the effective mechanical properties of their bodies, 40 increasing performance during rapid movements and maintaining flexibility for slow, steady 41 movements. 42
will not directly show changes in body stiffness, which is not possible to measure in vivo, but, 105 together with what is known about how muscle stiffness varies depending on activation timing, 106 they can demonstrate behaviour consistent with body stiffening. Increases in eccentric activation 107 and co-activation as bluegill sunfish accelerate more rapidly would therefore indicate a 108 mechanism for increasing effective body stiffness to improve force transmission for acceleration 109 while maintaining performance during steady swimming. Such results will provide biologically 110 inspired insights into the design and control of soft robots and actuators 26 . 111 Finally, we recorded muscle activity at four locations in the axial red musculature, on both sides 123 of the body (Figs. 1Aiv, Biv). During steady swimming, there is consistently a gap between 124 muscle activity on opposite sides. During acceleration, EMG activity becomes more intense and 125 the gap between activity on opposite sides becomes smaller, or activation will even overlap. 126
Movies S1 and S2 show videos synchronized with the data shown in Fig. 1 . 127 Fig. 2 shows a summary of all of the kinematic data, including tail beat frequency, body 128 wave speed, head and tail amplitude, body wavelength. We examined how all of these variables 129 changed as a function of acceleration and swimming speed. We grouped swimming into steady 130 and acceleration sequences and further characterized acceleration with three categories 131 containing approximately the same number of tail beats: low ( #$% < 0.07 ), medium (0.07 ≤ 132 #$% < 0.14 ), and high ( #$% ≥ 0.14 ). The statistical results were robust to the number of 133 categories. When bluegill sunfish accelerated, they significantly increased tail beat frequency, 134 body wave speed, and head and tail amplitudes (Figs. 2A-D; p < 0.0001; Table S1 ). Body6 wavelength decreased significantly during acceleration ( Fig. 2 ; p < 0.0001; Table S1 ). We found 136 that tail beat frequency and tail amplitude increased significantly as acceleration increased from 137 low to high (p < 0.0001, as indicated by the numbers above the acceleration categories in Fig. 2) . 138
Tail beat frequency and body wavelength increased significantly with swimming speed (p ≤ 139 0.0011) and body wave speed and head amplitude also tended to increase (p ≤ 0.0162), but tail 140 amplitude did not change with swimming speed (p = 0.2165; Table S1 ). 141
To test the hypothesis that kinematics during accelerations are significantly different 142 from those during steady swimming, we performed a principal components analysis (PCA) 143 followed by a multivariate ANOVA ( Fig. S1 ; Table S2 ). The PCA analysis included tail beat 144 frequency, body wave speed, head and tail amplitudes, and body wavelength. The first two 145 principal components explained 70.7% of the variation in the kinematic data. A Pillai trace 146 indicated that kinematics were all significantly different across acceleration categories, 147
swimming speeds, and their interaction (p < 0.0001 in all cases). The first principal component, 148 which primarily included contributions from tail beat frequency, tail beat amplitude, and body 149 wave speed, significantly differentiated acceleration categories (p < 0.0001) and speeds (p < 150 0.0001). The second component, which included contributions from head and body wavelength, 151 also significantly differentiated swimming speeds (p < 0.0001), but not acceleration (p = 0.2766). 152
During accelerations, bluegill sunfish increase co-activation by activating red axial 153 muscle longer relative to the tail beat cycle. Fig. 3 summarizes the muscle activity data. Burst 154 duration decreased slightly during acceleration sequences (p < 0.0001; Table S3 , Fig. 3A ) and as 155 swimming speed increased. However, the burst duration as a proportion of the tail beat cycle, 156 called the duty cycle, did increase during accelerations (p < 0.0001; Table S2 , Fig. 3B ) because 157 the tail beat frequency increased dramatically during acceleration ( Fig. 2A) , and did not change 158 significantly with swimming speed (p = 0.3509). Both burst duration and duty cycle were 159 significantly greater near the fish's head (green colours in Fig. 3 ) and decreased along the body 160 (p < 0.0001 in both cases; Figs. 3A,B). As duty cycle increases, it becomes more likely that 161 muscle is active on both sides of the body simultaneously. We subsequently examined how long 162 muscle activity overlapped at the same site on both sides of the body. A positive burst overlap 163
indicates that left and right side muscles were active simultaneously, while a negative overlap 164
indicates that there was a gap in time between opposite side activation. This burst overlap 165 increased during accelerations (p < 0.0001; Table S3 ) but was lower in the posterior locations (p7 < 0.0001; Fig. 3C ). Positive burst overlap, which indicates simultaneous activity across the left 167 and right sides of the body, occurred more frequently during accelerations than during steady 168 swimming most often at the anterior positions. At the highest accelerations ( #$% > 0.14 ), 169 10.0% of bursts had positive burst overlaps, combining EMGs from all positions along the body. 170
Bluegill sunfish also increase eccentric activation of red muscle, when the muscle is 171 activated during lengthening. We compared the onset of muscle activity to body curvature at the 172 same location as the EMG recording (Fig. 4A) , computing a phase value that is zero at the 173 beginning of muscle shortening. We performed a two-way test, equivalent to an ANOVA with 174 circular data, called a Harrison-Kanji test 27 to examine how burst onset and offset changed 175 relative to acceleration and position along the body. During acceleration, burst onsets became 176 significantly earlier (p < 0.0001; Table S4 ), but offsets did not change significantly (p = 0.0319). 177
Bursts also started and ended earlier in more posterior locations (p < 0.0001 in both cases; Table  178 S4). In absolute terms, during steady swimming, anterior muscle activated 5±24 ms before peak 179 curvature, while posterior muscle activated 63±16 ms before peak curvature. At the highest 180 acceleration, anterior muscle activated earlier (13±12 ms before peak curvature), while other 181 muscle activated slightly later (25±10, 31±19, and 43±16 ms before peak curvature for EMGs 2, 182 3, and 4, respectively). At these high accelerations, posterior muscle is active later in absolute 183
terms, but earlier in relative phase because the tail beat period is much shorter. 184
During accelerations, the strain rate during muscle activity, including both shortening and 185 lengthening rates, increased in magnitude (Figs. 4B,C) . Active muscle strain rates during 186 acceleration became larger both during shortening and during lengthening (p < 0.0001; Table S3;  187 Figs. 4B,C), reflecting the increase in overall strain and tail beat frequency during acceleration. 188
In posterior muscle, the active lengthening rate became dramatically higher (blue colours in Fig.  189 4C We found that tail beat frequency, body wave speed, and head and tail amplitude all 211 increase significantly during acceleration compared to steady swimming (Fig. 2) . In a recent 212 study, Akanyeti et al. 24 compared acceleration to steady swimming in a wide range of fish 213 species. They found the same kinematic pattern that we observed, but they were not able to 214 estimate the magnitude of the acceleration. Our study is the first to quantitatively compare how 215 kinematics change relative to acceleration. In particular, we find that tail beat frequency and 216 amplitude increase proportionally as bluegill sunfish accelerate faster. In experiments with 217 flapping panels, the thrust output is proportional to the tail tip velocity, which is the product of 218 frequency and amplitude 36 . Thus, it seems clear that thrust is increasing as acceleration 219 increases. 220
Overall, the kinematic pattern is affected both by swimming speed and by acceleration. 221
During steady swimming, bluegill sunfish increased their tail beat frequency as the swimming 222 speed increased ( starting from a lower speed ( Fig. S1 ; Table S2 ).
9
The muscle activity data are consistent with our hypothesis that fish actively stiffen their 229 bodies during acceleration. During accelerations, bluegill sunfish activated their red muscle for a 230 longer fraction of the tail beat cycle (Fig. 4B ) and started the activity earlier during the 231 lengthening phase compared to the activity during steady swimming (Fig. 4A ). Previous studies 232 have shown that duty cycle (the fraction of each tail beat that the muscle is active) decreases 233 along the body during steady swimming and does not change substantially as speed increases 234 14,15,37 , which was also the pattern observed here (Fig. 3B ). During accelerations, duty cycle 235 increased at each of the four EMG positions along the body. Higher duty cycle correlates with 236 greater co-activation, as seen in the increase in positive burst overlap (Fig. 3D ). During steady 237 swimming only 2% of bursts had any positive overlap, but during all accelerations, 7.6% of the 238 bursts had some amount of overlap. The increase in burst overlap was most pronounced at the 239 most anterior EMG position, with 17% of muscle activity bursts at that location showing co-240 activation during medium and high accelerations. 241
Along with the increase in duty cycle, fish activated their red muscle earlier in the tail 242 beat cycle during accelerations than during steady swimming. At anterior positions, muscle was 243 active almost 8% of a tail beat cycle earlier during accelerations than during steady swimming 244 (Fig. 4A ). Ellerby and Altringham 9 observed a similar pattern in trout during sprinting, in which 245 the trout activated their muscles earlier as they sprinted faster. 246
The earlier activation largely compensated for the increase in duty cycle, which means 247 that the offset time for the muscle did not change significantly between steady swimming and 248 acceleration (Table S4) . This pattern is different than that for sprinting trout, in which the trout 249 also shifted the offset time of their muscles earlier, keeping the duty cycle relatively constant 9 . 250
During accelerations, for midbody and posterior muscle, the change in phase corresponds 251 to a large enough change in timing that the muscles likely produce substantial force during 252 axial red muscle in bluegill sunfish is similar, then it is likely that when the fish accelerates, this 257 muscle generates substantial force during lengthening. 258 tail. Eccentric activity generally tends to lead to higher effective stiffness, and faster lengthening 261 rates also increases stiffness 34 . 262
In escape responses, very rapid turning accelerations 21 , duty cycle also increases, but 263 primarily in the posterior region 40 . Here, duty cycle and burst overlap also increased during 264
accelerations, but more in the anterior region. Accelerations during escape responses are higher 265 in magnitude (often > 3 ) 21 than even the high accelerations studied here (0.14-2.3 , mean = 266 0.28 ) . It may be that posterior duty cycle will increase more, similar to that in escape 267 responses, during more rapid forward accelerations. 268
These measurements are consistent with the hypothesis that fish actively increase the 269 stiffness of their bodies during accelerations. Long 7 and Tytell 35 stimulated both red and white 270 muscle in eels and lampreys at different phases within a bending cycle and measured the 271 resulting effective body stiffness. They both found that stiffness could more than double, and the 272 maximum effective stiffness was achieved at an activation phase of -0.4 (using our phase 273 convention; see Fig. 4A ) and decreased as phase approached 0. If a similar phase relationship 274 holds for the bluegill sunfish, then eccentric activity stiffens the tail most substantially, but also 275 contributes to increasing effective stiffness in all body segments. Additionally, muscle stiffness 276 in general increases during activity 34 , and particularly during eccentric activity and as the strain 277 rate increases 41 . The mechanical effects of co-activation have not been studied in fishes, but 278 work on humans showed that co-activation of trunk musculature increased trunk stiffness by 25 279 to 50% 42, 43 . Since the fish had the most bust overlap in anterior regions, co-activation likely 280 contributes to stiffening the anterior body more than the tail, helping transfer the force from head 281 to the tail to quickly propel the fish forward. Closer to the tail, eccentric activations at higher 282 strain rates most likely increase stiffness to compensate for reactive forces from the environment, 283 helping to stiffen the tail to transfer muscle force to the fluid 8,20 as the fish accelerates faster. 284
Based on our measurements, we propose that, in rapid movements like these 285 accelerations, one of the important roles of red muscle is not only to produce power but to tune 286 the effective body stiffness. Numerous studies, like ours, have found that red muscle is active 287 during rapid movements when the contraction rate of the muscle is too low to provide useful 288 power for the behaviour 17,44-46 . The ongoing red muscle activity may be a consequence of the 289 motor neuron recruitment pattern for red and white muscle 47 . In the accelerations here, cycle 290 frequencies are almost always greater than 4 Hz. For pectoral fin muscles in bluegill sunfish, the 291 power output begins to drop at frequencies above 3 Hz 48 . Similarly, for largemouth bass 292 (Micropterus salmoides), a closely related species, red muscle produces increasingly less power 293 above frequencies of 3 Hz 44 . Jayne and Lauder 17 proposed that force from red muscle helps to 294 slow down the body's movement and reverse the bending direction. This idea is part of our 295 hypothesis. Because red muscle is more often active in lengthening during acceleration, it resists 296 the body's motion, which increases the effective stiffness. We suggest that one result of the 297 ongoing red muscle activity during these rapid movements is to tune the effective body stiffness 298 to increase overall performance. 299
This eccentric muscle activity may have an additional benefit: it does not require much 300 metabolic energy. Higher forces are produced during eccentric activity 49 with very little 301 energetic cost 50, 51 . Thus, by activating their muscle earlier, fish likely generate more force to 302 stiffen the body against fluid forces, but without incurring large energetic costs. Similarly, in an 303 in vitro test, a small amount of muscle co-activation increased total power output dramatically 52 . 304
However, eccentric muscle activity does not produce positive power for acceleration. The 305 power for acceleration is likely coming from white muscle 17, 40 . To accelerate in a fluid, bluegill 306 sunfish require force both to accelerate their own mass, but also to overcome the acceleration 307 reaction 53 , an additional force required to accelerate the fluid around them 54 . Wise et al. showed 308 that the acceleration reaction in bluegill sunfish is increased by the very same kinematics bluegill 309 use during accelerations 53 . It may be that fishes can produce these additional forces economically 310 by using eccentric activity. 311
Our results demonstrate one way that fish and other flexible organisms may approach the 312 trade-off between steady swimming and rapid acceleration. To swim with low energy cost, 313 computational modelling suggests that fish should minimize the energy required to bend their 314 (Fig. 5A ). EMGs were positioned in the red axial muscle based on the 357 following landmarks: EMG1 = fourth dorsal fin spine (40% of total body length), EMG2 = 358 anterior edge of anal fin (53%), EMG3 = caudal edge of dorsal and anal fins (63%) and EMG4 = 359 mid peduncle (74%) (Fig. 5A) . Following electrode implantation, electrodes were secured by 360 suturing the wires together to the fish's skin. Each electrode had sufficient slack so that 361 swimming movements did not remove the electrodes. 362
The IMU was sutured near the centre of mass on either the left or right side of each fish 363 using three to four sutures (Fig. 5A ). All EMG electrodes were glued together to form a cable 364 that was sutured, along with the IMU cable, immediately anterior to the dorsal fin. 365
Each fish was allowed to recover for at least two hours after surgery. After completion of 366 the experiment, fish were euthanized using an overdose of MS222 and were dissected to confirm 367 that the electrodes were implanted in red muscle. EMGs implanted into white muscle were not 368 included in the analysis since this muscle type is not active at slower speeds. 369 EMG signals were amplified 10,000 times using a differential AC amplifier (Model 1700, by positioning rods in front of and behind the fish and ensuring that the fish did not drift in the 388 video frame by more than 2 mm. In acceleration trials, fish were positioned in the rear portion of 389 the confined section using rods and forward accelerations, in which the fish moved forward in 390 the video frame, were elicited by moving the rods or by dropping an object behind the fish. Care 391 was taken so that rods or falling objects did not come in contact with the fish. Fish accelerated 392 forward by swimming faster than the flow tank speed and using relatively symmetrical, high-393 frequency tail beats. Extreme behaviours such as startle responses (indicated by a C-shape bend) 394
and burst-and-glide swimming (a rapid tail beat or two followed by a powerless glide) were 395 excluded from the analysis. 396
397

Processing of video data 398 399
From each video, six locations on the body of the fish (snout, between the pectoral fins, anus, 400 anterior base of anal fin, peduncle, and caudal fin tip) were manually identified using custom 401 procedures in Matlab (R2014b, Mathworks) (Fig. 5Bi) . Because the curvature in the anterior 402 body is relatively low, these six points produce a good estimate of curvature in the locations of 403 the EMG electrodes. 404
A custom Matlab program estimated kinematic parameters, identified EMG bursts and 405 synchronized them with the tail movements, and used the IMU recordings to estimate body 406 orientation and dynamic acceleration. 407
The true centre of mass position was estimated using the mass per length measured by 408
Tytell 56 and the main body axis was estimated by fitting a straight line to the x and y distances to 409 the centre of mass and then smoothing over 2 s. This duration was chosen because it was longer 410 than the tail beat period, in order to smooth out fluctuations due to the tail oscillations. 411 tracking them as they moved along the body (white lines in Fig. 1B ). All calculations were 414 performed relative to arc length along the body. By tracking a peak along the body, we measured 415 its position as a function of time; the average derivative of that value is the wave speed (Fig.  416   5Bii) . Tail beat period was computed by taking the time difference between two peaks in 417 lateral excursion on the same side of the body. Finally, we estimated the average body 418 wavelength by multiplying the wave speed and the tail beat period: = . 419
The data were normalized to body lengths (L; head and tail amplitude, body wavelength) 420 and body lengths per second (L s -1 ; body wave speed) to account for differences in the size of 421 fish used in the study. 
where U$ = y U,q%qM P + $,q%qM P and UV = U,q%qM z 1 − V,q%qM 486
We calibrated the orientation of the sensor on the fish by measuring the gravitational 487 vector while holding the fish on its side, with its snout downwards, and in a normal dorsal-side 488 up position, as the fish was reviving from the anaesthesia. We then constructed a rotation matrix 489 from the sensor's coordinate system to the fish's, using the Gram-Schmidt method 59 to ensure 490 that the fish's coordinate system had orthogonal basis vectors. 491
Once the dynamic acceleration was estimated, we took the peak value in the fish's 492 forward direction during each half tail beat (when the tail swept from left to right or the other 493 way For the kinematic data, we first grouped the acceleration into four trial categories based 502 on the fish's forward acceleration measured by the IMU (steady; low: #$% < 0.07 ; medium: 503 0.07 ≤ #$% < 0.14 ; high: #$% ≥ 0.14 ). Acceleration was binned because it had a 504 strongly non-normal distribution, which would have biased standard regression results. Instead, 505
we grouped the measurements into bins so that we had approximately the same number of 506 unsteady acceleration tailbeats in each bin. This procedure is similar to the ranking procedures 507 that are the basis of most nonparametric statistics 64 . We tested the robustness of the ANOVA 508 models below by varying the number of bins and the methods for choosing them. None of the 509 overall patterns or statistical results changed. 510
A two-way mixed ANOVA model with autoregressive covariance structure (AR1) was 511 performed for each kinematic variable (tail beat frequency, body wave speed, head and tail 512 amplitudes, body wavelength) to determine any significant relationships between acceleration 513 categories, swimming speed, and the interaction between acceleration and swimming speed 514 (=fixed effects), while accounting for individual variations among the different trials (=random 515 effect) and sequential tail beats (=repeated effect). The autoregressive structure was used because 516 sequential tail beats are not statistically independent of one another. We also performed a 517 principal components analysis followed by a multivariate ANOVA 65 to determine whether the 518 swimming kinematics as a whole changed due to acceleration, swimming speed, and their 519 interaction. 520
For the EMG data, a similar three-way mixed ANOVA model with autoregressive 521 covariance structure (AR1) was performed for each variable (burst duration, duty cycle, burst 522 overlap, strain rate during active muscle shortening and lengthening) to determine any significant 523 relationships between acceleration, EMG position, swimming speed, and all of their interactions 524 Table S2 for statistical results. 748
